INTRODUCTION
Increasing demand from people for accessible, highquality telecommunications has led to extensive development in the infrastructure specially cellular phone base stations. Although this is to maintain the availability and quality of the services provided by mobile network operators with the growing number of users, it raises concerns amongst people about possible health effects of exposure to electromagnetic fields (EMFs) radiating from cellular phone base stations as more cell towers emerge. So it is imperative to carry out appropriate measurements and evaluate the results with relevant standards and guidelines. Back in the 1970s, when there were not yet much wireless technologies developed, in ref. (1) population exposure to VHF and UHF radiations, major sources of electromagnetic waves of that time, was assessed in the USA. They used the available detailed census data to consider appropriate sites for exposure measurements according to the population distribution, so that there would be more sites in densely populated areas such as cities and less in rural regions. Subsequently, a model was used to estimate the exposure of some other locations in a city that would have been measured. Results showed that general population was dominantly exposed to FM radio broadcast services. In more recent researches more appropriate devices were used for RF exposure measurements and the relevant standards were applied in measurement procedures such as spatial averaging (2 -4) . In ref.
(2) radiation from mobile telephone base stations in Australia was evaluated. For defining the best locations for measurement, special RF software along with the street map of the city was used for estimation. At the moment of measurement, the maximum value of radiated power that would be present in the peak of communications traffic might not be measured; to account for that, they used a traffic factor to be multiplied in measurements afterwards. Also radiation from cellular base stations located in Korea and Ghana are evaluated in refs (3, 4) , respectively. In some other literature, individual exposure to electric field, magnetic field and EMFs was analysed by employing some volunteers to carry the exposimeter with them for a certain period of time and record logs of their activities during the measurement (5) . In ref. (6) bedrooms in Austria were of interest for measuring exposure from nearly all possible electric or electromagnetic sources of radiation fields surrounding a typical person.
In 2006, the Institute of Standards and Industrial Research of Iran (ISIRI) defined 'non-ionising radiation exposure limits' (7) in compliance with the specified guidelines laid down by International Commission on Non-Ionising Radiation Protection (ICNIRP) on exposure limits of human body to radio frequency radiation (8) . But the level of EMF radiated from mobile phone base stations located in Iran was not evaluated until 2011. A task of measurement was then accomplished in Tehran, the capital and the most populated city of Iran, for safety verification of the radiation level emanating from cellular phone base stations. The methods used for the measurements and the evaluation of the measured data follow.
METHODS
There are two major cellular phone operators in Iran: Mobile Company of Iran (MCI) and MTN IRANCELL, both operating in GSM 900 and GSM 1800 bands. Hence, in this work, 30 cell sites of each operator were chosen from different parts of the city; most of them were in highly populated and important areas-near crowded commercial centres, hospitals and educational complexes-and some were chosen because of public complaints about the presence of cellular towers therein and concerns about possible health effects. Databases containing the properties of each cellular site such as antenna's height, tilt angle, number of sectors, etc. were acquired from pertaining mobile phone carrier.
The equipment used for measurements was Narda 3006 Selective Radio Meter and an isotropic (3-axis) electric field antenna receiving all electric field components. The unit was set to record electric field values of the whole frequency band of 27 MHz to 3 GHz due to the co-existence of other RF radiation sources such as TV and Radio broadcasting. At the time of this experiment, no WiMAX or higher generations of mobile communications technology were exploited in the city. So frequencies .3 GHz were not checked. This was assured by coarse measurements in 100 randomly chosen positions across the city that proved no major radiation in the frequency band of 3-6 GHz.
Since EMF values of every cellular site vary frequently because of continuous changes in the network traffic and the number of users resident in that site, values have to be measured in multiple runs and time averaged during a designated period. Referring to the ICNIRP guideline, this period is determined to be 6 min while the measurement device performs 350 -400 runs in the desired frequency range.
The main intention of this measurement was to determine the exposure level of the human body to EMF; therefore, subjection of the whole human body to measurement should be considered, that is, for a typical person, an 2-by-0.5 m vertical area. Although in far field region, radiation level is the same for all points on the plane perpendicular to direction of the propagation, the levels are not equal due to back scatterers in the surroundings such as earth surface and buildings, and so spatial averaging must be performed. Therefore, in every point of interest the measuring probe (antenna) was moved upwards and downwards on a vertical line at 2 m above the ground constantly during averaging time at an even pace according to the IEEE-C95.3 standard.
For every site, EMF values were measured at 15 points, distributed at different distances up to 250 m away from the mast. Five points were located in every sector of the base station, preferably near major medical or educational centres. To measure the maximum values of EMF, points were mostly located in places where radiation was in the line of sight. Furthermore, prior to measurement, a rough scanning was performed around each measurement point, at two to three times the corresponding wavelength of 900 MHz. The scans are performed in root mean square mode in order to search for the highest field level and avoidance of being in a local minimum. At each location, the measurements were performed twice: once in the whole frequency range of 27 -3000 MHz including all broadcasting and cellular phone services with a resolution bandwidth (RBW) of 300 kHz and once in the frequency range of 930-1885 MHz including the two mobile phone operators with an RBW of 100 kHz with the aim of obtaining accurate measurements with a finer resolution.
According to databases of BTS antenna properties (height and tilt angle), main line-of-sight beams would reach the ground at a distance of 100-125 m away from the tower, therefore the maximum distance of measurement was chosen to be 250 m away. Thus, it is expected that EMF values efficiently decrease at distances farther than 250 m from the tower. This expectation was verified by measuring the EMF values of 5 sites in 25 steps of 10 m up to 250 m away from the tower.
As mentioned earlier, the radiation level of each site is dependent on the traffic of that site and excessive radiation might occur in areas of high traffic; hence, EMF values were measured in workingdays during rush hour from 8:30 a.m. to 7:30 p.m., except for cell sites located in recreation areas wherein measurements were performed on weekends.
RESULTS AND DISCUSSIONS
The measured electric field values have been presented as a fraction of the exposure limits specified by the ICNIRP guideline. The total fraction of exposure in a desired frequency band is calculated by the summation of the fraction of exposure in all sampled frequencies, i.e.
In this equation, R is the total exposure in the desired frequency band, E m and E r are, respectively, the measured and the reference levels (defined by the ICNIRP guideline) of the electric field at the sampled frequency of f i , and N is the number of sampled frequencies. It is noted that the intrinsic noise of the measurement device does not dramatically affect the results since its level is very low, i.e. MR less than 95 (dB) for RBW¼1 kHz and f ,3 GHz (9) , where MR is the measurement range and was set to be assigned automatically by the device itself in author's measurements; even so the effect of the noise on the recorded data was examined in one random location manually with different noise thresholds of 3, 6 and 10 dB, showing insignificant changes.
For every cell site, measurement points were classified into five distance ranges from the tower, ,50, 50-100, 100-150, 150-200 and 200-250 m. Figure 1 shows the medians of exposure ratio values for both mobile operators' frequency band (900 and 1800 MHz) and the whole band of 27 MHz to 3 GHz. The horizontal lines in the figure indicate the minimum and maximum values of each distance range.
Obviously, the highest exposure values occur ,50 m away from the tower, despite the fact that these areas are not subjected to the antenna's maximum beam; the small distance from the tower accounts for this. It is also seen that the exposure ratio of the whole frequency band is higher than that of the operators. Moreover, since the distance of the measurement points from the towers does not exceed 250 m, it is unlikely for usually dominant sources of radiation operating in VHF and UHF frequency bands, such as FM broadcasting stations, to be nearby, which therefore reduces their contributions to overall exposure, as seen in the measurements.
EMF exposures were also evaluated near several medical and educational centres (28 hospitals and 88 schools). As it is seen in Table 1 , the median values of the whole band exposure ratios at these areas were ,0.01 % of the defined ICNIRP exposure limits and the highest exposure value was 0.19 % for the whole band and 0.17 % for the GSM bands, which were recorded near a school. Figure 2 shows the cumulative percentage of the measurement positions against the evaluated maximum ratio of EMF exposure for the GSM (a) 
CONCLUSION
In this paper, the assessment of EMF radiation from several cellular phone towers across the city of Tehran has been reported. The Results depict that the exposure levels from all of the sites were satisfying the ICNIRP Standards and those of Iran (ISIRI) well. Meanwhile, to roughly assess the potential hazard of RF radiation sources other than cellular base stations, RF exposure levels in the frequency band of 27 MHz to 3GHz have also been evaluated which were found to be in compliance with the ICNIRP guidelines. Measurements included some major hospitals and schools; the outcome confirmed that EMF exposures were in safety levels. The results would be useful in studies of EMF radiation impacts on children's learning abilities in schools and on the health of patients under care in hospitals that may lead to more stringent exposure limits on EMF in such places of concern.
